Fagopyrum dibotrys (D. Don) Hara is an important plant species of medicinal value. An efficient protocol for in vitro propagation of an F. dibotrys mutant that contains a higher level of (-)-epicatechin was developed. Adventitious buds were directly regenerated from stem nodal explants cultured in Murashige-Skoog (MS) basal medium containing 3% sucrose and appropriate combinations of plant growth regulators. In the presence of 2.0 mg/l 6-benzylaminopurine (6-BA), 0.5 mg /l thidiazuron (Nphenyl-N'-1,2,3-thidiazol-5-urea) (TDZ), and 0.2 mg/l naphthaleneacetic acid (NAA), the frequency of organogenesis was 90%, with a mean of 9.09 shoots per explants. The greatest rooting frequency, root number and length were attained using 1/2 MS medium containing 0.5 mg/l NAA and 2% sucrose. After two years of in vitro propagation and conservation, the regenerating plantlets were successfully transplanted into the field, and none showed morphological variations after one year of field growth. The regenerated rhizomes were assessed for drug-yielding potential through evaluation of (-)-epicatechin contents by HPLC, and then compared with those grown conventionally. The genetic basis of the stable drug yielding potential of the micro-propagated perennial buckwheat was revealed by random amplified polymorphic DNA-based profiling.
INTRODUCTION
Fagopyrum dibotrys (D. Don) Hara, commonly known as perennial buckwheat, belongs to the genus Fagopyrum (Mill) in the Polygonaceae family. It originated from Southwest China, and it currently grows mainly in China, India, Vietnam, Thailand, and Nepal. The rhizome of F. dibotrys is usually used in traditional Chinese medicine to Abbreviations: gspbw, green stem perennial buckwheat wild type; rspbm, red-stem perennial buckwheat mutant; TP, Tissue-Cultured plants; CP, Conventionally Propagated (cutting reproduction) plants.
treat lung abscesses, dysentery, rheumatism, throat inflammation, and tumefaction (Peng et al., 1996) . Modern pharmacological research indicates that the active extract (mainly the secondary metabolites) of its rhizome has high efficacy in preventing cancer. It also prevents metastasis, inflammation, and bacterial infection (Liu and Han, 1998; Pui-Kwong, 2003; Wang et al., 2005) .
Due to uncontrolled harvesting and overexploitation, natural resources of F. dibotrys have dramatically decreased. Thus, in 1999, F. dibotrys was included in the List of National Key Conservative Plants in China (the First Group) by the State Council of Traditional Chinese Medicine (Liu G D et al., 2006) .
Currently, more attention has been given to this species because of its medicinal value. However, the cultivated yield of F. dibotrys is limited, and cultivars have lower nutrient value and medicinal efficacy than does the wild type (Li X et al., 2010) . Thus, generating new genotypes or selecting improved varieties for the sustainable utilization of perennial buckwheat is urgently needed. In a previous study, rhizomes of green-stemmed perennial buckwheat (gspbw) from Jiangsu Province were irradiated with gamma rays and a red-stemmed perennial buckwheat mutant (rspbm) was obtained during the M 2 generation (Jia and Li, 2008) . The Subdivision of the Pharmacopoeia in China (2010) prescribes that the active ingredient (-)-epicatechin content must be assessed when rhizomes of F. dibotrys plants are to be used as medicine or raw medicinal material. Analyses of rhizome extracts by High performance Liquid Chromatography (HPLC) have shown that the mutant had a higher value (0.1027%) of (-)-epicatechin compared with the wild type (0.0622%; Jia et al., 2009 ). Thus, the rspbm has more (-)-epicatechin and meets the increasing demands for this medicinal plant. A uniform regeneration protocol is highly desired for maintaining and propagating this new mutant line, which is available in small quantities. Tissue culture has been successfully applied for rapid clonal multiplication and conservation of many plant species, including buckwheat (Adachi et al., 1989; Woo et al, 2000; Jin H et al., 2002; Harsh Pal Bais et al., 2002; Bicakci and Memon, 2005 ).
However, a major problem associated with in vitro culture is the possible occurrence of somaclonal variation among the subclones of potential lines (Larkins and Scowcroft, 1981) . In vitro plants are usually susceptible to genetic changes due to culture stress (Cullis and Cleary, 1986; Cecchini et al., 1992; Rani and Raina, 1998) . Some investigators have noted that indirect regeneration of plantlets requires a longer induction and usually results in variability among the regenerating plantlets (Mondal et al., 2004; Pontaroli and Camadro, 2005; Park et al., 2006; Jeong et al., 2009 ). This nondirective variability can easily result in the loss of valuable characteristics of an improved variety, and, therefore, restrict base collections or the spread of improved strains. Thus, genetic control of phyto-constituents remains a major problem for commercial micro-propagation of medicinal plants for crude drugs of stable quality. This necessitates assessment of the drug-yielding potential of tissue cultures derived from medicinal plantlets by molecular analysis of ex vitro grown plants. Random amplified polymorphic DNA (RAPD)-based molecular analysis for in vitro monitoring of genetic stability of various micropropagated plants have been reported (Martins et al., 2004; Panda et al., 2007; Mohanty et al., 2008) . Until now, studies on the in vitro propagation of F. dibotrys are limited (Takahata, 1988) , and the stability of drug-yielding traits in micro-propagated plants is not yet evaluated. The main objectives of this study were the following: (1) to establish a complete in vitro protocol for direct shoot multiplication of the F. dibotrys mutant; and (2) to compare the drug-yielding potential of tissue-cultured and conventionally grown buckwheat plants in relation to their genetic stability.
MATERIALS AND METHODS

Plant materials, explant sterilization
The gspbw and the rspbm (Figure 1a and b) were planted in the experimental field of the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences and Peking Union Medical College (39°47'N, 116°25'E, altitude 50 m). Shoot tips and stem nodals were used as explants, and were thoroughly washed with distilled water. Surface sterilization was done by exposure to 0.1% (w/v) mercuric chloride solution for 10 to 15 min, followed by repeated washing 4 to 6 times with sterile distilled water.
Adventitious bud induction
Axenic explants were then cut into about 1 to 2 cm long and inoculated on MS medium supplemented with 1 or 2 mg/l 2, 4-dichlorophenoxyacetic acid (2, 4-D), 1 or 2 mg/l 6-benzylaminopurine (BA), and 0.2 or 0.5 mg/l naphthaleneacetic acid (NAA), either alone or in combination. Bud-forming capacity was determined after four weeks of culture by recording the survival rate and percentage of shoot buds formed. New shoots longer than 1 cm were excised from the original explants and sub-cultured on the same media.
Shoot multiplication
Shoot multiplication experiments were designed using nodal segments as explants after obtaining sufficient in vitro plant material. For shoot multiplication, Murashige-Skoog (1962) medium was supplemented with 1 or 2 mg/l BA, 0.2 or 0.5 mg/l thidiazuron (TDZ; N-phenyl-N'-1,2,3-thidiazol-5-urea), 0.2 or 0.5 mg/l NAA, and 0.2 or 0.5 mg/l indole-3-butyric acid (IBA), either singly or in combination. Control media was free of plant growth regulators. After four weeks of culture, the growth parameters, which included the rate of shoot production and the total number of adventitious shoots per explants, were recorded. Micro-propagated plantlets were maintained by regular sub-culturing with a 30 day interval.
Root inducing
Individual shoots (2 to 3 cm long) with intact apices were randomly selected for rooting experiments in half-strength MS medium supplemented with IBA (0.1, 0.5, and 1.0 mg/l), indole-3-acetic acid (IAA, 0.1,0.5, and 1.0 mg/l), or NAA (0.1,0.5, and 1.0 mg/l). At the end of the 4 week rooting treatment, the percentage of rooted shoots was determined and the rooting parameters, including the mean root number and the mean root length per shoot, were recorded.
All culture media were adjusted to pH 6.0 before autoclaving at 1.06 kg cm -2 for 20 min. All cultures were maintained at 26 ± 2°C and a 16 h photoperiod (illumination by white fluorescent tubes at 50 µmol m -2 s -1 ). All experiments were repeated 3 times using 10 replicate jars (3 shoots/jar) in each treatment.
Acclimatization, field survival, and morphological features comparison
After about two years of in vitro propagation and conservation, in Figure 1 . a-h In vitro regeneration of Fagopyrum dibotrys from nodal explants. a New emerging stems of the wide type plant (gspbw ). b New emerging stems of the mutant (rspbm), from which initial explants were collected. c Bud breaking from gspbw nodal explants cultured for 2 weeks on induction medium with 1.0 mg/l BA. d Bud breaking from rspbm nodal explants cultured for 2 weeks on induction medium with 1.0 mg/l BA. These axillary shoots were excised and used for further multiplication experiment. e Adventitious shoots developed on the shoot multiplication medium containing 2.0 mg/l BA , 0.5 mg/l TDZ and 0.2 mg/l NAA for 4 weeks. f Rooting of the regenerated shoots on half-strength MS medium containing 0.5 mg/l NAA and 2% sucrose. g Regenerated plants transferred in potting acclimatized to greenhouse conditions 10 days after transplantation. h The photograph was taken 30 days after ex vitro growth , about over 85% survival, just before transplanting to field condition.
vitro grown plantlets with well-developed roots and shoots were transferred to pots containing a mixture of sand, vermiculite, and perlite [1:1:1 (v/v)] treated with fungicide (Benlate, 0. 01%). The potted plants were kept in a greenhouse for acclimatization. After 30 d, acclimatized plants were transferred to normal field conditions and grown to maturity. Tissue-cultured plants (TC) grown in the field were compared with conventionally propagated (cutting reproduction) plants (CP) came from the same genetic background for morphological, biochemical [(-)-epicatechin], and molecular characteristics. Morphological features such as plant height, number of first-class branches per plant, and leaf area were measured in the field four months after transplant. The rhizome of each individual plant was harvested separately in autumn and dried in a 50°C oven for biomass evaluation and (-)-epicatechin estimation.
Determination of (-)-epicatechin
An HPLC method was performed according to the procedure described by the Subdivision of the Pharmacopoeia in China (2010) to determine the (-)-epicatechin in the rhizome of individual TC and CP plant. The standard sample of (-)-epicatechin was provided by the National Institute for the Control of Pharmaceutical and Biological Products. A Merck C18 column (250 × 4.6 mm × 5µm) was used as the stationary phase, and a solution of ultrapure water (pH was adjusted to 3.00±0.02 with phosphoric acid) and acetonitrile (92:8) was the mobile phase. The flow rate was 1.0 ml min -1 at 35 °C and the detection wavelength was 280 nm. Individual plants from each group (TC and CP) were randomly selected for (-)-epicatechin detection.
Extraction procedure
About 2.5 g dried powder of F. dibotrys rhizomes was added to a conical flask. Afterward, 50 ml of ethanol (50%) was added. The flask was covered and weighed, and then the contents were allowed to settle for 1 h. The mixture in the flask was refluxed in a water bath (90°C) for 1 h, cooled, and then weighed. Losses were compensated by adding 50% alcohol, and then the contents were mixed by shaking. The solution was then filtered, and the filtrate (25 ml) was concentrated by heating under vacuum (50 to 55 °C) to near dryness. The residue was washed with a mixture of acetonitrile and ultrapure water (1:9 v/v), and then transferred to a 10 ml volumetric flask. The residue was bulked to volume in the flask, mixed and then centrifuged at 1006×g for 5 min. Subsequently, 5 ml of the supernatant was added to a polyamide column (30 to 60 mesh, 3 g, 1.0 cm inside diameter, wet packed column). The column was eluted with 30 ml ultrapure water followed by a 150 ml ethanol. The ethanol eluate was collected and concentrated (50 to 55°C) under vacuum to dryness. The residue was again collected using the same method as described above and filtered through a Micro Membrane (0.45 μm). The filtrate was also collected and used as the sample solution. The HPLC injection volume was 20 µl.
RAPD analysis
The protocol of Doyle and Dickson (1987) was used for the DNA isolation, and the standard protocol for RAPD analysis was adopted with slight modifications. The quality and quantity of the DNA preparations were checked by spectrophotometry, and the samples were diluted to 25 ng dm −3 before use. PCR was carried out in a DNA Thermal Cycle (Veriti 96-well, ABI, USA). Each 25µl reaction mixture contained 1× PCR reaction buffer (10 mM Tris-HCl, 50 mM KCl, pH 8.3), 1.5 mM MgCl2, 1.0 U of DNA polymerase, 200 µM each of dATP, dTTP, dCTP, and dGTP (Dingguo, Beijing), 0.3 µM primer, and ~50 ng of template DNA. The PCR conditions were as follows: initial extended step of denaturation at 94 °C for 5 min followed by 40 cycles of denaturation at 94°C for 40 s, annealing at 38°C for 60 s, and elongation at 72°C for 90 s, followed by an extended elongation step at 72°C for 10 min. Reaction products was electrophoresed in 2.0% agarose gel at 120 V, stained with ethidium bromide, and then photographed under ultraviolet light using a digital imaging system. RAPD analysis using each primer was repeated at least twice to establish reproducibility of the banding pattern of the DNA of the perennial buckwheat samples. Out of 60 random primers [Sangon Biotech (Shanghai) Co., Ltd. China] tried, only 19 (s31, s48, s53, s75, s96 s102, s112, s119,  s201, s206, s207, s301, s340, s413, s428, s446, s466, s1326 , and s2129) were shortlisted for RAPD analysis, 12 TC plants randomly selected and its mother plant were used as materials. Primers were selected based on the clarity of the banding patterns.
Statistical analysis
Data were subjected to analysis of variance using SPSS version 13.0, and significant differences between means were determined by Duncan's multiple-range test. Unless otherwise stated, differences were considered statistically significant when P<0.05.
RESULTS AND DISCUSSION
Adventitious bud induction and multiplication
During the initiation period (4 weeks), 54% of the explants cultured in the absence of growth regulators survived and only 20% showed axillary bud breaking or shoot development (Figure 2 ). All nodal explants grown on media supplemented with various BA concentrations survived after four weeks of culture, and 83% showed axillary bud development on medium supplemented with 1.0 mg/l BA (Figure 2 ). The survival rate and bud breaking was slightly decreased with 2.0 mg/l BA. A greater percentage of shoot formation (86%) was observed on medium containing 1.0 mg/l BA and 0.5 mg/l NAA (Figure 2) . Addition of 0.5 mg/l NAA significantly promoted adventitious shoot growth. On media supplemented with 1.0 or 2.0 mg/l 2,4-D, or 0.2 or 0.5 mg/l NAA, the frequency of bud formation was lower, but the explants had high survival rates (Figure 2 ). In particular, treatment with 2,4-D inhibited bud breaking but induced the formation of callus at the base of the explants. In general, a cytokinin is required for in vitro axillary shoot induction and proliferation. However, the effective type and optimal concentration of cytokinin varies with the plant regeneration system. In the present study, axillary buds cultured in the presence of 1.0 mg/l BA showed the highest survival and bud breaking rates ( Figure. 1c and d) . In buckwheat, 2,4-D and BA were reported as the main factors that influence callus induction and differentiation, respectively (Jin H et al., 2002) . Lakshmanan et al. (1997) found that BA treatment was required during the induction period to allow fully competent cells to enter into a caulogenically-determined state in leaf explants of Garcinia mangostana. The importance of BA for organogenesis has been reported in many species (Curuk et al., 2002; Zhang et al., 2008) . The present study showed that although BA was indispensable for the induction of adventitious buds, the number of shoots induced per explants was fewer on medium with BA, either supplied singly or combined with NAA. To find the optimal medium for adventitious bud multiplication, stem nodal explants from the in vitro cultures were planted in the multiplication media and cultured for four weeks. Data on the shoot growth and multiplication are shown in Table 1 . The differentiation frequency of nodal explants was affected by the growth regulator supplied. As shown in Table 1 , BA was still indispensable for the formation of shoots in F. dibotrys. On medium without BA, fewer than 20% of the explants developed adventitious buds, whereas higher shoot regeneration was observed in the presence of 1.0 to 2.0 Means (±standard error) within a column followed by different letters are significantly different at P≤5%. n= 30 explants per treatment.
mg/l BA combined with other hormones (TDZ, IBA, or NAA; Table 1 ). In studies on another culture and androgenetic plant regeneration of buckwheat, Bohanec et al. (1993) demonstrated that shoot regeneration occurred easily on gellan-gum solidified media containing 90 g/l maltose, 2.5 mg/l BA, and 0.5 mg/l IAA. In contrast, results from the present study showed that BA at 2.0 mg/l with 0.2 mg/l TDZ and 0.5 mg/l IBA was the most effective combination for axillary bud development, with a mean of 93.5% (rspbm) and 92.5% (gspbw) regeneration after four weeks of culture (Table 1 ). The optimal multiplication medium consisted of 2.0 mg/l BA, 0.5 mg/l TDZ, and 0.2 mg/l NAA ( Figure 1e) ; an average multiplication rate of 9.09 (rspbm) and 12.17 (gspbw) shoots per explant was obtained from this medium after four weeks of culture.
Thidiazuron is effective at inducing in vitro morphogenesis in shoot regeneration and proliferation (Jones et al., 2007; Liu et al., 2008) . However, the effects of TDZ on adventitious shoot induction in perennial buckwheat regeneration were not reported. In the present study, BA combined with TDZ was found to be significantly effective at inducing multiple shoots from stem nodal explants of F. dibotrys. Adventitious buds were produced at all concentrations of TDZ and the mean number of shoots per explant increased with TDZ concentration (Table 1) . Analysis of variance showed that bud multiplication was significantly increased (P<0.001) by TDZ treatment, and that BA and TDZ had a significant positive interaction (P<0.05). However, the auxin (NAA or IBA) used had no significant effect on bud proliferation (Table 1) . Although addition of NAA or IBA had no significant effect on the regeneration rate or mean number of shoots, they effectively increased the height of adventitious shoots. NAA had a greater effect on the growth of axillary buds than IBA did (data not shown). Thus, the choice of plant growth regulator was the most important factor affecting shoot initiation and multiplication. BA was necessary for promoting the formation of adventitious buds, whereas TDZ was effective at inducing multiple shoots. BA combined with TDZ appeared to specifically promote shoot multiplication, and NAA promoted cell elongation. Similar results have been observed in other medicinal plant species (Francis et al., 2007; Amoo et al., 2009) . Repeated sub-culturing of each of these shoots could lead to a large number of plantlets. Approximately, 40 million plantlets can be produced from single explants in a year, whereas the multiplication rate through the traditional method can reach a maximum of eight plants per annum. The multiplication rate remained unchanged even after two years of culture.
Induction
of rooting from micro-shoots, acclimatization and field establishment Elongated shoots (2 to 3 cm long) were separated and individually transferred to half-strength MS medium either without growth regulators or with auxins (IAA, NAA, or IBA). On the rooting media without auxins, the first appearance of visible roots was delayed by ~15 d; ~50% rooting rate was obtained after 4 weeks of culture, and there were fewer roots per shoot and less elongation growth ( Table 2 ). The addition of IAA, IBA, and NAA significantly increased the root induction (Table 2) , with NAA being the most effective, followed by IBA (Table 2) . Micro-shoots implanted in medium containing 0.5 mg/l NAA developed roots directly from the shoot base after 10 d of transfer; they showed the largest rate of root generation (100%), mean number of roots per explants, and length of roots (Table 2) . After four weeks, the roots were thicker and healthier in the rooting medium with 0.5 mg/l NAA, which indicated that this treatment was suitable for the production of transplantable plantlets (Figure 1f ). In the presence of IBA and IAA, the roots were longer, thinner, and fewer than those formed in the presence of NAA. In previous studies on buckwheat, 0.2 mg/l NAA and 0.2 mg/l IBA were reported to promote root formation (Hong Jin et al., 2002) . The differences in root formation are possibly due to the differences in genotypes or culture conditions (Shakti et al., 2007) . Regenerated shoots with well-developed roots toughened in the greenhouse. Over 85% of healthy rooted plantlets survived after planting them in a mixture of sand, vermiculite, and perlite (1:1:1 v/v), and then acclimatizing them for 30 days under greenhouse conditions (Figures  1g and h) . The surviving plantlets were transplanted into the field; > 95% survived and did not have apparent morphological variations after four months. The plantlets developed normal root tubers and flowered naturally (Figures 3i and j) .
Comparison of morphological and biochemical characteristics ((-) epicatechin detection)
No significant difference in mean values of the characteristics between TC and CP plants were found (Table 3) . However, the standard deviation for rhizome weight, plant height, leaf area , and (-)-epicatechin content among individual plants was much smaller in the TC plants than in the CP plants, this indicates that the TC plants were more uniform (Table 3) than CP plants. In close agreement with this result, a high uniformity in the essential oil content of cultured-derived cloned Cymbopogon flexnosus compared with the field-cultured clones was reported (Nayak et al., 1996) . The existence of chemically uniform somaclones with respect to rhizome oil constituents has been reported in turmeric of Arizona origin (Ma Xiaoqiang and David, 2006) . Shikha et al. (2010) also observed high uniformity in curcumin and The reported data are the mean value ±standard error (SE) of three replications. Each replication is consisted of 30 individual plantlets. oleoresin content of culture-derived turmeric somaclones compared with field cultivated clones. The mean (-)-epicatechin levels of rhizomes from TC and CP buckwheat plants were not significantly different, this clearly showed that TC buckwheat plants were true chemical clones of the parent, and implied their relatively stable potential for drug yield.
RAPD analysis
TC plants were subjected to molecular profiling to confirm the genetic basis of the drug yield stability. RAPD is the simplest and most inexpensive among markers for profiling. It has been effectively used for the analysis of genetic fidelity of micro-propagated plants (Jokipii et al., 2004; Borner, 2006; Mandal et al., 2007; Agnihotri et al., 2009; Kwak et al., 2009 ). The RAPD marker has also been used in the detection of somaclonal variations in jamrosa with improved oil yield (Nayak et al., 2003) . RAPD analysis of the TC plants showed a profile similar to that of the control, which indicated that no genetic variation occurred in vitro (Figure 4 ). Nineteen selected RAPD primers gave rise to 91 scorable bands 200 to 2,000 bp in size. The number of bands for each primer varied from 2 to 7 with an average of 4.8 bands per RAPD primer. A total of 2,184 bands (number of plants analyzed × number of band with all primers) generated in TC plants were all monomorphic in nature, a profile similar to that of the control. Factors that account for the occurrence of genetic instability in vitro include chromosomal rearrangements, single gene mutations, pre-existing DNA variability, sub-and supra-optimal levels of plant growth regulators (especially synthetic ones), activation of retrotransposons, length of culture period, and method of regeneration (Martins et al., 2004) . In the present work, axillary buds were used as explants for direct organogenesis to minimize the risk of genetic instability, since organized meristems are more resistant to genetic changes than the unorganized callus (Shenoy and Vasil, 1992) . Nevertheless, plants derived from organized meristems are not always genetically true-totype as reported in many crops (Laia et al., 2000) . The RAPD profiling results of the present study, corrabolates the practicability of axillary multiplication for the micropropagation of true-to-type plantlets in F. dibotrys mutants. Thus, direct plant regeneration using axillary buds can be recommended for large-scale production of elite F. dibotrys genotypes with stable drug-yielding potential.
Conclusions
The findings suggest that efficient plant regeneration of F. dibotrys via shoot organogenesis was achieved, and that stable regenerated normal shoots were also successfully obtained from adventitious bud regenerants. All regenerated plants of F. dibotrys appeared to be true-totype clones of the donor mother plant.
